Nonalcoholic steatohepatitis (NASH) is a progressive, inflammatory form of fatty liver disease. It is the most rapidly rising risk factor for the development of hepatocellular carcinoma (HCC), which can arise in NASH with or without cirrhosis. The inflammatory signals promoting the progression of NASH to HCC remain largely unknown. The propensity of neutrophils to expel decondensed chromatin embedded with inflammatory proteins, known as neutrophil extracellular traps (NETs), has been shown to be important in chronic inflammatory conditions and in cancer progression. In this study, we asked whether NET formation occurs in NASH and contributes to the progression of HCC. We found elevated levels of a NET marker in serum of patients with NASH. In livers from STAM mice (NASH induced by neonatal streptozotocin and high-fat diet), early neutrophil infiltration and NET formation were seen, followed by an influx of monocyte-derived macrophages, production of inflammatory cytokines, and progression of HCC. Inhibiting NET formation, through treatment with deoxyribonuclease (DNase) or using mice knocked out for peptidyl arginine deaminase type IV (PAD4 2/2 ), did not affect the development of a fatty liver but altered the consequent pattern of liver inflammation, which ultimately resulted in decreased tumor growth. Mechanistically, we found that commonly elevated free fatty acids stimulate NET formation in vitro. Conclusion: Our findings implicate NETs in the protumorigenic inflammatory environment in NASH, suggesting that their elimination may reduce the progression of liver cancer in NASH. (HEPATOLOGY 2018; 68:1347-1360.
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A s a result of its sharply increasing prevalence in Western and non-Western societies, nonalcoholic fatty liver disease (NAFLD) has become the most common chronic liver disease worldwide. (1) In NAFLD, steatosis can progress to a chronic inflammatory condition (nonalcoholic steatohepatitis [NASH] ), which places patients at risk for developing cirrhosis, liver failure, and hepatocellular carcinoma (HCC). (2) A significant proportion of HCC in NASH occurs without cirrhosis as a required intermediate, (3) underlining the importance of inflammation as a hallmark for cancer development and progression. (4) The pathophysiology of NASH is complex and incompletely understood. Besides genetic and molecular factors, innate immune activation has been essential for amplifying hepatic inflammation and progression to HCC. (5) Abbreviations: ALT, alanine aminotransferase; CD, cluster of differentiation; CitH3, citrullinated histone-3; DNase, deoxyribonuclease; ELISA, enzyme-linked immunosorbent assay; FFA, free fatty acid; GFP, green fluorescent protein; HCC, hepatocellular carcinoma; IL, interleukin; LPS, lipopolysaccharide; LysM eGFP , lysin motif enhanced GFP; MPO, myeloperoxidase; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score; NASH, nonalcoholic steatohepatitis; NET, neutrophil extracellular trap; PAD4, peptidyl arginine deaminase IV; TNF-a, tumor necrosis factor alpha.
Neutrophils have long been noted in the inflammatory cell infiltrate of NASH, (6) but little is known about their role in the disease process. Indeed, neutrophils are common infiltrating cells in almost every type of acute inflammation and a component of most chronic inflammatory infiltrates.
In 2004, Brinkman et al. reported a previously undescribed property of neutrophils, i.e., that neutrophils can expel their nuclear material to establish neutrophil extracellular traps (NETs), which can entrap and kill bacteria. (7) Soon thereafter, Buchanan et al. demonstrated that deoxyribonuclease (DNase) dissolved NETs and thereby eliminated their microbicidal properties. (8) During the past decade, the importance of NETs in noninfectious inflammation has been discovered in chronic inflammatory conditions including atherosclerosis and rheumatoid arthritis. (9) In addition, a growing body of evidence has emerged pointing to the promotion of cancer growth and proliferation by the appearance of NETs in the cancer inflammatory microenvironment. (10) We recently reported that NETs alter the inflammatory, neutrophil-rich microenvironment associated with hepatic ischemic stress with the result that both the capture of circulating colon cancer cells and the growth of liver metastatic foci are facilitated in mice. (11) The role of NETs in NASH and its progression to HCC has not been thoroughly studied. The present experiments were designed to investigate the possible role of NETs in the evolution of NASH and its progression to HCC in a mouse model with clinical relevance. Blockade of NETs in a standard NASH model was found to modify the pattern of liver inflammation and inhibit the development of HCC.
Materials and Methods

PATIENT SAMPLES
Serum samples were collected preoperatively from patients scheduled to undergo partial hepatectomy at the University of Pittsburgh (Pittsburgh, PA) between 2010 and 2017. Human studies were approved by the University of Pittsburgh institutional review board (PRO08010372), and all patients signed informed consent. Pathologic analysis reports of resected liver specimens were reviewed to identify 56 patients with a histologic diagnosis of NASH. During the same time period, we identified 30 patients with normal background liver histology. Patients with liver fibrosis and chronic viral hepatitis were excluded from the analysis. Both groups were evaluated for baseline characteristics including age, gender, and diagnosis (benign liver disease, primary hepatobiliary malignant disease, or metastatic disease to the liver). Using an enzyme-linked immunosorbent assay (ELISA), serum levels of myeloperoxidase (MPO)-DNA complexes were measured for both groups and compared.
ANIMALS AND ANIMAL MODELS
Animal protocols were approved by the Institutional Animal Care and Use Committee and adhered to the National Institutes of Health guidelines. Male and female C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). Peptidyl arginine deiminase type IV knockout (PAD4 2/2 ) mice were a gift from Dr. Yanming Wang (Pennsylvania State University, State College, PA). Lysin motif enhanced green fluorescent protein (LysM eGFP ) knock-in mice were a gift from Dr. Thomas Graf. We used the STAM model of NASH/HCC, (12) in which mice are exposed to diabetes and a high-fat diet. Wild-type C57BL/6J, PAD4 2/2 or LysM eGFP pups were injected intraperitoneally with 200 lg of streptozotocin (Sigma-Aldrich) within 5 days after birth, followed by feeding with a 60% high-fat diet
(Research Diets; D12492) ad libitum from the age of 3 weeks.
NET INHIBITION WITH DNase
To inhibit NET formation, we treated STAM mice with DNase (DNase I; Roche), starting at the day pups were weaned from their mothers at 3 weeks of age. Dosage was 50 lg intraperitoneally 3 times per week, comparable to a regimen previously used to effectively block NET-macrophage interaction. (13) For selected experiments DNase was administered daily.
DETECTION OF NETs AND NET-SPECIFIC MARKERS
Western blot assays were performed on whole-cell lysates from mouse liver tissue. Membranes were incubated overnight with anti-citrullinated histone-3 (CitH3, 1:1,000; Abcam) and anti-3-chlorotyrosine (1:500; Hycult) as a primary antibody, with antirabbit secondary antibody (1:10,000). b-Actin was used as an internal control. To quantify NETs in human serum, mouse serum, and cell culture supernatant, a capture ELISA to detect MPO associated with DNA (MPO-DNA) was performed as described. (14) For the capture antibody, a human or mouse MPO ELISA kit (Hycult; HK210-01) was used according to the manufacturer's directions. A peroxidase-labeled anti-DNA monoclonal antibody (component 2, Cell Death ELISAPLUS; Roche) was used. For immunohistochemical studies, formalin-fixed and paraffinembedded liver samples were stained with anti-Ly6G (BD Pharmingen; clone 1A8) and anti-3-chlorotyrosine antibodies. For immunofluorescent staining, LysM eGFP livers were fixed in 4% paraformaldehyde and placed in 30% sucrose prior to sectioning. NETs were stained with primary antibodies against CitH3 (5 lg/mL; Abcam). 4 0 ,6-Diamidino-2-phenylindole (Sigma) and antiactin antibody (Abcam) were used for nuclear and cell wall delineation, respectively. All slides were scanned under the same conditions for magnification, exposure time, lamp intensity, and camera gain. Confocal images were acquired using the Olympus Fluoview 1000 microscope with a PlanApo N (340 with and without a 2.5 digital zoom). Sequential scanning was applied to acquire individual emission channels when multiple fluorophores were involved. The thickness of the sections was imaged by focusing on the top of the section, setting the z-axis to 0, and then refocusing to the bottom of the section, with an average of eight sections acquired.
NEUTROPHIL ISOLATION AND IN VITRO NET FORMATION
The bone marrow of the femur and tibia was collected from wild-type mice as described by CoolsLartigue et al. (15) Neutrophils were sorted with a BD-Aria-Plus high-speed sorter using allophycocyanin (APC) conjugated anti-cluster of differentiation 11b (CD11b) monoclonal antibody and APC-Cy7 conjugated anti-Lys6G monoclonal antibody (both BD Pharmingen). Neutrophils (2 3 10 6 ) were plated onto gelatin-coated 6-cm dishes and onto gelatincoated glass coverslips and allowed to attach to the plate during a 1-hour incubation period at 378C. The free fatty acids (FFAs) palmitic (C16:0), linoleic (C18:2), and oleic (C18:1) acids (all from Nu-Check Prep) were dissolved in 25% FFA-free bovine serum albumin and added in a final concentration of 50 lM to stimulate the neutrophils. Lipopolysaccharide (LPS) at 100 nM and H 2 O 2 (both Sigma) were used as positive controls, whereas 25% bovine serum albumin without FFAs served as a negative control. After 4 hours of stimulation at 378C, the supernatants were spun and frozen for analysis of MPO-DNA levels. Coverslips were stained with antibodies against histone 2AX (Abcam; ab20669, with Alexa Fluor 555 goat antirabbit secondary antibody from Life Technologies), actin (Alexa Fluor 488; Invitrogen), and 4 0 ,6-diamidino-2-phenylindole; and NET formation was visualized with an Olympus Fluoview 1000 microscopic camera.
STATISTICAL ANALYSIS
Experimental results are expressed as mean 6 standard error of the mean. Comparisons were performed using the Student t test and analysis of variance. For the data analysis of human patients, the baseline characteristics for each group were compared using the v 2 test for categorical variables and the Mann-Whitney test for continuous variables. MPO-DNA levels in human serum were compared using Mann-Whitney and Kruskal-Wallis nonparametric tests. For all analyses, a two-tailed P value <0.05 was considered statistically significant.
Additional methods can be found online in the Supporting Information.
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Results
NET MARKER MPO-DNA IS ELEVATED IN PATIENTS WITH NASH
We analyzed preoperative serum samples, collected from patients undergoing partial hepatic resection at our institution, for MPO-DNA complexes. When neutrophils form NETs, chromatin DNA associated with other neutrophil proteins is released. By measuring MPO-DNA complexes, we can be certain that the nucleosomes are derived from NET formation. (14) Between 2010 and 2017, we identified 56 patients who underwent liver resection and had histologic evidence of NASH on pathologic examination of their resected specimen. These patients were matched for age and indication for liver resection to 30 patients with normal liver background on pathology. NASH patients had higher body mass index, higher alanine aminotransferase (ALT) levels, and a higher rate of diabetes, whereas other characteristics were comparable between the two groups (Supporting Table S1 ). NASH patients had significantly higher levels of MPO-DNA in their preoperative serum, irrespective of the presence of either benign, primary malignant, or metastatic disease in the liver, compared to patients with normal liver (Fig. 1 ).
NEUTROPHILS INFILTRATE MURINE NASH LIVERS AND UNDERGO NET FORMATION
To test our hypothesis that NETs promote inflammation in NASH, we used the STAM model of murine NASH. This model is characterized by its close resemblance to human NASH in male and female mice, with consistent progression to HCC in male mice. (12) Administration of streptozotocin to neonatal C57BL/6 mice followed by a high-fat diet yielded mice with elevated blood glucose levels (546 6 26 mg/dL compared to 213 6 17 mg/dL in control mice) (Fig. 2A) . STAM mice developed mildly increased serum ALT levels (Fig. 2B ) and a gradual increase in liver weight averaging 1.6 times the normal liver weight by 20 weeks (2.42 6 0.33 versus 1.52 6 0.07 g, P 5 0.04). Histopathologic staging by a blinded, experienced liver pathologist showed early onset of a steatotic liver and a gradual increase in NAFLD activity score (NAS) to an average of 6/8 by 20 weeks (Fig. 2C) , whereas healthy control mice did not develop NASH (NAS 0 at all time points, not shown). HCC tumors began appearing in some mice by 16 weeks, with the surface of all male livers being studded with HCC by 20 weeks (Fig. 2D) . We explored the phenotype of liver-infiltrating innate immune cells with flow-cytometric analysis of isolated nonparenchymal liver cells. The applied gating strategy is shown in Supporting Fig. S1 . An influx of neutrophils in STAM livers started at 5 weeks, resulting in an approximately 2-fold increase (Fig. 3A,B) . Western blot analysis revealed that CitH3, a specific marker of NET formation, (16) was present in STAM livers. Although neutrophil numbers returned to baseline by 12 weeks, NET formation was persistently detectable for the 20-week duration of the experiment (Fig. 3C) . In a search for further evidence of NET formation in NASH, we exposed LysM GFP knock-in mice to the STAM model of NASH. This gene mutation causes MPO-DNA levels stratified by disease type (benign, primary malignant, metastatic). For any disease type, median MPO-DNA levels were higher when NASH was present in the background liver compared to a normal background liver. Abbreviation: OD, optical density. the expression of GFP on myeloid immune cells, which we visualized on liver sections with concomitant immunofluorescent staining for CitH3. In livers from STAM mice, GFP/CitH3-positive infiltrates including cells with clear NET morphology were detectable from the age of 6 weeks (Fig. 3D) .
NET FORMATION IS FOLLOWED BY MONOCYTE INFILTRATION AND INFLAMMATORY CYTOKINE PRODUCTION
Because LysM expression is not limited to neutrophils but is also present on other cell types of myeloid origin, we compared the expression of GFP on neutrophils, infiltrating macrophages, and Kupffer cells. GFP expression on liver neutrophils was 10 times higher than on infiltrating macrophages and 3 log higher than on Kupffer cells (Supporting Fig. S2 ), indicating that neutrophils are the most likely source of the observed GFP signal. In particular, the early neutrophil recruitment, GFP-positive cell infiltration, and NET formation were followed by a population of infiltrating macrophages derived from monocytes (Fig. 3E ). These cells are characterized by CD45 1
CD11b
1 F4/80 low surface staining and are variable in their expression of Ly6C, an inflammatory pattern that has been described by other investigators (17, 18) (Supporting Fig.  S1 ). In contrast to Kupffer cells, the resident macrophages of the liver, infiltrating macrophages arise from monocytes that are being recruited to the liver in response to inflammation. (18) They have been found to be predominant effector immune cells in NASH and are a major source of inflammatory cytokines, leading to amplification of the inflammation. (19) The increase in infiltrating macrophages started only after the influx of neutrophils: Indeed, increased levels of the inflammatory cytokines interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a) were only found after 8 weeks, when infiltrating macrophages became numerous ( Fig. 3F; Supporting Fig. S3) .
1 F4/ 80 hi ) followed a pattern of early depletion, likely followed by replacement by infiltrating macrophages that reached its maximum by 8 weeks of age (Supporting Fig. S4 ), as described. (17) 
NET INHIBITION REDUCES MONOCYTE INFILTRATION AND INFLAMMATION
After confirming that NETs are formed in experimental NASH, we investigated their contributory role in the evolution of the pattern of inflammation within the liver, with a focus on the recruitment of infiltrating macrophages. To investigate this interaction, we applied two proven strategies to block NETs, being the use of PAD4 2/2 mice and the injection of DNase. (11, 20) PAD4 2/2 mice are genetically deficient for PAD4, an enzyme that catalyzes the citrullination of histone-3, a critical step for the decondensation and expulsion of chromatin that is characteristic of NET formation.
(21) PAD4 2/2 mice are therefore naturally NET-deficient. DNase (50 lg intraperitoneally, administered three times weekly) resulted in the expected reduction of citH3 on western blot analysis of livers from STAM mice, demonstrating the efficacy of DNase at eliminating NETs (Fig. 4A) . It also reduced the neutrophil infiltration into the liver (Fig. 4B) . With immunohistochemistry for the location of neutrophils, it was found that DNase treatment greatly reduced the presence of neutrophils in the hepatic lobule, indicating that DNase potentially reduces the extravasation of neutrophils from the sinusoids and their infiltration into the liver lobule (Supporting Fig.  S5 ). Importantly, both DNase and PAD4 2/2 significantly changed the pattern of the liver inflammation by reducing monocyte-derived macrophage infiltration at 8 weeks, consistent with the idea that infiltrating macrophages were a partial consequence of NET formation (Fig. 4C) . With NET blockade, IL-6 levels were reduced to baseline, concurrent with the decrease in infiltrating macrophages (Fig. 4D) . Reductions in TNF-a mRNA levels in liver tissue homogenates (Fig.  4D ) and serum ALT levels (Supporting Fig. S6 ) were also seen in NET-deficient STAM mice, although comparisons did not reach statistical significance. To provide further evidence that NETs carry responsibility for the pathobiology of NASH, the effect of DNase on the formation of 3-chlorotyrosine adducts, shown to be a result of NET-specific oxidative damage, (22) was investigated. DNase was found to reduce the increased 3-chlorotyrosine levels in livers of STAM mice (Supporting Fig. S7 ). The cumulative effect of the changes in hepatic inflammation by DNase was a decrease in NAS from 3.25 6 0.5 to 1.8 6 0.4, P < 0.05 (Fig.  4E) . When component scores of the NAS were compared, it was evident that the reduction in NAS was the result of a decrease in inflammation and ballooning but that NET blockade did not affect steatosis (Fig.  4F) . Despite lower levels of all other inflammatory markers, PAD4 2/2 unexpectedly did not reduce the NAS (Fig. 4E) . As with DNase, a decrease in the score for inflammation was seen (Fig. 4F) , but steatosis and ballooning were increased in PAD4 2/2 mice, leading to an overall lack of reduction in NAS.
NET INHIBITION REDUCES PROGRESSION OF NASH TO LIVER CANCER
To investigate the long-term effect of NET blockade on the progression of NASH to HCC, we extended the treatment with DNase to the full 20-week time course of the experiments. In the shorter-term experiments discussed above both male and female mice were included as they did not significantly differ in levels of inflammatory markers. However, for long-term experiments only male mice were used because, as described, only male STAM mice develop multiple liver tumors resembling HCC. (12) When DNase was dosed 3 times per week, tumor formation as evaluated by the number of liver surface tumors was reduced in approximately 50% of male mice (data not shown). However, when DNase dosage was increased to 50 lg daily for 20 weeks, DNase-treated STAM mice developed only 1.3 6 1.1 surface tumors compared to 8.7 6 3.4 tumors in untreated cohoused STAM littermates (P 5 0.001) (Fig. 5A ). Just as with DNase treatment, numbers of tumors counted on the liver surface were significantly reduced in PAD4 2/2 STAM mice compared to wild- type STAM mice (Fig. 5A ). Tumors were also significantly smaller in the DNase and PAD4 2/2 groups (Fig. 5B ). Both applied strategies of NET inhibition seemed to persistently alter the inflammatory environment that gives rise to HCC in the NASH liver, with reduced IL-6 levels even after 20 weeks of exposure to the STAM model (Fig. 5C ).
COMMONLY ELEVATED FFAs IN NASH STIMULATE NET FORMATION IN VITRO
To investigate what a stimulus for NET formation in NASH could be, we investigated the role of FFAs as they are considered the link between excess liver fat and the activation of various inflammatory pathways in NASH. (23) First, we confirmed the increased presence of FFAs in the livers of STAM mice. Similar to the nonreduced degree of steatosis on histology, NET abrogation with DNase and
PAD4
2/2 changed neither the elevated level of FFA in NASH livers nor the elevated levels of serum triglycerides (Fig. 6A,B) . We then stimulated neutrophils isolated from mouse bone marrow with the three FFAs that are most significantly elevated in livers affected by NASH: palmitic (C16:0), linoleic (C18:2), and oleic (C18:1) acids. (24) Palmitic and linoleic acids were able to induce NET formation to a similar extent as LPS, as measured by MPO-DNA complexes in culture supernatants (Fig. 6C) . Immunofluorescent imaging showed a pattern of NET formation concordant with MPO-DNA levels (Fig. 6D) , namely that NETosis (equivalent to that produced by hydrogen peroxide) resulted from the exposure of neutrophils to linoleic and palmitic acids but not to oleic acid.
Discussion
NAFLD and NASH affect a significant proportion of the Western population and form a spreading epidemic to developing countries.
(1) A concerning observation is the relatively high incidence of HCC in NASH before the development of cirrhosis. (3) This observation emphasizes the important role of inflammation in cancer development and progression in NASH. The inflammatory signals that facilitate this pathobiology are still greatly unknown. In this study, we show that in NASH neutrophils are stimulated to form NETs and that inhibition of NETosis significantly reduced the presence of infiltrating macrophages, the production of inflammatory cytokines, and the development of HCC in a clinically relevant mouse model of NASH.
We began our investigation with the evaluation of human serum samples for the NET marker MPO-DNA and found that MPO-DNA levels were significantly elevated in patients from whom a resected liver specimen had histologic evidence of NASH, compared to patients with normal background liver histology. Stratification by indication for liver resection revealed that the presence of NASH was most likely responsible for this elevation in MPO-DNA, rather than the presence of benign versus primary malignant versus metastatic disease in the liver. Although this crude analysis does not account for other factors that may be of influence, such as the effect of preoperative chemotherapy on the liver, it provided support for the hypothesis that NET formation occurs in the inflammatory environment in NASH. NETs are extracellular, web-like structures of decondensed chromatin decorated with cytosolic and granule proteins, (7) which have been shown to aid in the defense against bacteria, fungi, viruses, and parasites. (25) However, if dysregulated, NETs can cause tissue damage and contribute to the pathogenesis of immune-related diseases, such as vasculitis, rheumatoid arthritis, and systemic lupus erythematosus. (25) We have investigated NETs in the setting of acute sterile inflammation of the liver and shown that elimination of NETs reduces ischemia and reperfusion injury favorable for the growth of metastatic deposits of colon cancer. (11) NETosis has now been described to have a role in many noninfectious inflammatory conditions including diabetes, atherosclerosis, wound healing, as well as tumor growth. (9) In NASH, the increased presence of neutrophils has been demonstrated (26) ; but we evaluated the role of NETs in NASH, an increasingly prevalent chronic inflammatory condition, which predisposes to HCC.
After verifying that NETs are also formed in an experimental mouse model of NASH, we investigated their contributory role in the pathogenesis of this disease. Mice developed fatty livers irrespective of the presence or absence of NETs, which led to the hypothesis that NETs are formed as a consequence of increased liver fat and may be important in the evolution of the pattern of inflammation in the liver that progresses from steatosis to NASH. We focused our investigations on the relation between NETs and the recruitment of infiltrating macrophages as these cells have been found to be predominant effector immune cells in NASH. (19) Infiltrating macrophages arise from monocytes that are being recruited to the liver in response to inflammation (18) and have been reported to be a major source of inflammatory cytokines leading to amplification of the inflammation. (19) Neutrophilmonocyte/macrophage interactions have been shown to be crucial for NASH development, (27) and in different chronic inflammatory conditions such as atherosclerosis, recent work uncovered that this crosstalk can be facilitated by NETs. (13) However, in NASH, a role of NETs in neutrophil-monocyte/macrophage interactions had thus far not been established. In STAM mice, we found that neutrophil infiltration and NET formation occurred early in the development of NASH. The increase in infiltrating macrophages started only after the influx of neutrophils. Indeed, increased levels of the inflammatory cytokines IL-6 and TNF-a were only found after 8 weeks, when infiltrating macrophages became numerous. Although the signaling pathways by which NETs attract macrophages remain unknown, in our work as well as in investigations by others (13) NET blockade significantly changed the pattern of the liver inflammation by reducing monocyte-derived macrophage infiltration, consistent with the idea that infiltrating macrophages were a consequence of NET formation. NET inhibition also reduced neutrophil infiltration itself, which is concordant with reports that NETs have a positive chemoattractive effect on the infiltration of more neutrophils. (28) Using LysM eGFP mice, we visualized inflammatory cell infiltration during various stages of NASH development. Although LysM expression is not limited to neutrophils but is also present on other cell types of myeloid origin, we concluded that neutrophils are the most likely source of the observed GFP signal as the expression of GFP on neutrophils was 10 times higher than on infiltrating macrophages and 3 log higher than on Kupffer cells. In addition, the presence of GFPpositive infiltrates as early as 6 weeks was concordant with the timing of neutrophil infiltration by flow cytometry and NET formation by both western blotting and immunofluorescence.
Taken together, our data are consistent with the idea that fat accumulation in hepatocytes is not dependent on NET formation but that NET formation is an initiating event in the pathogenesis of full-blown NASH, by regulating the inflammatory environment through the attraction of new monocyte-derived macrophages, a known effector cell in NASH progression. Inhibition of NETosis significantly reduces the presence of infiltrating macrophages, the production of inflammatory cytokines, and a reduction in NAS through improvements in hepatocyte ballooning and presence of inflammation on histologic analysis at 8 weeks. Although over time the cellular inflammation evolved, including a subsequent decline in neutrophils in the liver, NET formation was detectable throughout the course of the experiment. In line with our previous observations that continued NET generation facilitates the outgrowth of colorectal liver metastases, (11) our current data are consistent with the idea that the chronic inflammatory microenvironment in the NASH liver enables the persistent formation of NETs that facilitate the accelerated growth of HCC to become evident by 20 weeks. In the long term, NET elimination and the alterations in the inflammatory environment led to a reduction in progression to HCC. DNase and PAD4 2/2 were equally effective at reducing the development of HCC in STAM mice, confirming that the antitumor effect of DNase is mediated through blockade of NET formation. Our data support the hypothesis that NETs are critical to the creation of a chronic inflammatory liver microenvironment in NASH that is favorable to the development of HCC.
The role of NETs in cancer has been a topic of investigation since NETs were first noted in the tumor environment of pediatric patients suffering from Ewing sarcoma. (29) In an experimental setting, an important role for NETs in cancer progression has been demonstrated in models of injected tumor cells simulating metastatic disease. In those models, an additional inflammatory stimulus for NETosis, such as the induction of sepsis, (15) the injection of granulocyte colony-stimulating factor, (30) or liver ischemia-reperfusion, was applied. (11) In a model of spontaneous small intestinal cancer, a role for NETs induced by thrombosis was shown, although direct NET inhibition was not investigated. (31) In this work, we present evidence that NET formation in a chronic inflammatory process contributes to the development of a primary malignancy and that modulation of the inflammation with NET inhibition is able to effectively reduce progression of NASH to HCC. It is not yet clear, however, if genetic alterations required for HCC development are directly induced by NETs or by components of the subsequent inflammatory cascade. Recently, great progress has been made in the genetic analysis of HCC. However, there is no known signature of mutations in HCC in NASH. (32) We further evaluated the conditions under which NASH induces infiltrating neutrophils to form NETs. We focused on FFAs as a stimulus for augmented NET formation in the fatty liver as FFAs have been considered to be responsible for lipotoxicity in NASH. (23) FFAs are elevated in serum and livers of patients with fatty liver disease (24, 33, 34) as well as in the livers of mice in experimental models of NASH. (35) In addition to having an effect on hepatocytes, (36) FFAs have recently been shown to have a toxic effect on CD4 1 T cells in experimental NASH. (37) However, the effects of FFAs on neutrophils were unknown. First, we noticed that NET abrogation with DNase and PAD4 2/2 did not reduce the level of steatosis. In fact, the absence of PAD4 seemed to increase the hepatocytes' susceptibility to noninflammatory fatty changes when exposed to diabetes and a high-fat diet. We think this potentially indicates a hitherto unknown metabolic difference in PAD4 2/2 that has become the topic of our current ongoing investigations. NET inhibition also did not affect the level of FFAs in the liver of STAM mice. Taken together, this suggests that NETs are not responsible for fat accumulation in the liver but rather could be a consequence thereof. We then exposed isolated neutrophils to the FFAs that were found to be most increased (10-25 times higher than in healthy liver) in human NASH. (24) Our experiments generated evidence of the ability of FFAs to induce neutrophils to form NETs. Although our experiments did not investigate, for example, the composition of FFAs, which has been shown to be important for lipotoxicity, (23) they reveal that some of the FFAs most commonly elevated in NAFLD are a potential stimulus for NET-mediated inflammation in NASH. Other investigators have shown that hyperglycemia can make neutrophils susceptible to NETosis, but a second stimulus, e.g., LPS, was necessary to actually induce NETs in glucose-primed neutrophils. (30) We hypothesize that in NASH, which often presents in the setting of metabolic syndrome including diabetes, hyperglycemia and FFAs can synergize to prime and stimulate neutrophils for NETs, which favor a protumorigenic environment.
It should be noted that in clinical NAFLD only a subset of patients progress to NASH and that an even smaller subset develops HCC. Although in clinical association studies, several risk factors for disease progression have been elucidated, including obesity, diabetes, age, and the presence of advanced fibrosis or cirrhosis, (38) the pathobiology remains greatly unknown. One explanation could be that the progression of NASH to HCC and cirrhosis is slower than in other etiologies of liver disease, (39) preventing patients from developing these endpoints during their life span. The STAM model of accelerated progression of NAFLD to NASH/HCC provides opportunities to unravel the relation between NASH inflammation and cancer development.
In conclusion, our work provides evidence that NET formation plays an important role in the transition of steatosis to NASH. Blocking NETs did not affect steatosis and FFA accumulation in the liver but prevented macrophage infiltration and changed the inflammatory environment to one less favorable to HCC growth. Human patients with histologically proven NASH had increased serum levels of a known NET marker, indicating the clinical relevance of our findings. Strategies to eliminate NETs could be of great value in reducing the risk of HCC in fatty liver
